Introduction
Liquid lead-bismuth (Pb-Bi) has been studied as a spallation target and a coolant of an accelerator driven system (ADS) [1] [2] [3] for the transmutation treatment of longlived radioactive wastes and as a coolant of a fast critical reactor. One of difficulties to apply Pb-Bi to nuclear systems is the corrosiveness of liquid Pb-Bi to structural materials. For this reason studies on corrosion of structural steels in liquid Pb-Bi have been made. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] In the present design of ADS, inlet and outlet temperatures of liquid Pb-Bi coolant are 330
C and 430 C, respectively. Efforts have been made to reduce the temperature of fuel cladding tubes since the maximum temperature of the outer surface of fuel cladding tubes attains to about 600 C. Recently, ceramic coatings such as CrN and TiN have been developed for the purpose of their application to nuclear systems. Since CrN and TiN coatings produced by PVD ionplating method are compact, hard and adhesive to substrate, they are expected to be used as materials for instruments which need wear and corrosion resistance. 16, 17) Pre-stressed steels coated with TiN, CrN and DLC (diamond like carbon) were exposed to flowing liquid Pb-Bi at 350 C. 15) However, corrosion data at higher temperatures have not been reported for these coating materials. The CrN coating has a possibility as a protective film for high temperature corrosion in liquid Pb-Bi because its heat resistance is high. 16, 18) Furthermore, the pin-hole density of the CrN coating is lower than that of the TiN coating 16, 17) and neutron irradiation data of the CrN film have been obtained. 16) The purpose of the present paper is to investigate the applicability of the CrN coating to a liquid Pb-Bi environment at 450 C and 550 C.
Experimental
Specimens used in this study were CrN-coated F82H martensitic steel and austenitic 316SS. F82H (Fe-8Cr-2W-0.3V-0.04Ta-0.1C) steel is a reduced-activation one developed for nuclear fusion reactors. The size of corrosion specimens was 15 mm Â 30 mm Â 2 mm, and a hole of 7.2 mm diameter for installation was made at the top of the specimen. The CrN film was coated on F82H and 316 steels by a cathodic arc ion-plating method at Japan Coating Center Co, Ltd. This method can produce compact and uniform coatings with low pin-hole density. 16, 17) The substrate temperatures were kept around 400 C and the film thickness was controlled to about 6 mm by treating time.
The corrosion tests were conducted in liquid Pb-Bi using the static corrosion apparatus shown in Fig. 1 . Components of the apparatus contacting liquid Pb-Bi were made of quartz. As received eutectic Pb-Bi (45Pb-55Bi) of 7 kg was used in each test. Corrosion tests were conducted at 450 C and 550 C for 3000 h, respectively. The Pb-Bi was melted in a pot under Ar gas environment. Ar gas of 99.9999% purity was used as a cover gas over the liquid Pb-Bi. PbO was formed on the surface of the liquid Pb-Bi and corrosion tests were made under oxygen-saturated conditions. Oxygen saturation concentration was estimated to be 3:2 Â 10 À4 mass% at 450 C and 1:2 Â 10 À3 mass% at 550 C using the equation in the literature. 4) Test specimens were cleaned in silicone oil at about 170 C after the corrosion tests to remove Pb-Bi adhering to the surface of the specimens. However, there was adhesive Pb-Bi left on some parts of the specimen surface. Analyses were made using an optical microscope and a scanning electron microscope (SEM) with energy dispersion X-ray (EDX) for the specimen plated with copper to protect coating and corrosion films during polishing.
CrN-coated F82H and 316SS were heated in Ar gas at 550 C for 20 h to investigate whether the CrN coating splits or not on account of only stresses caused by the difference of thermal expansion coefficients between CrN and the metal. The surface of the CrN-coated steels before and after heating was observed using a laser microscope. Figure 2 shows optical micrographs of cross sections of CrN-coated F82H and 316SS specimens after corrosion test in liquid Pb-Bi at 450 C for 3000 h. As shown in this figure, the CrN coating films on both steels were sound and proof against corrosion attack at 450 C. Neither cracking nor spalling in CrN coating layers was found both at the flat parts ( Fig. 2(a) and (b)) and at the corner parts ( Fig. 2 (c) and (d)) for F82H and 316SS specimens. Figure 3 shows the result of line analysis by EDX for the cross section of the CrN-coated F82H after corrosion test at 450 C. Peaks of Cr and N are found at the coating layer. Dissolution of Cr and Fe into liquid Pb-Bi through the coating layer is not observed. As shown in Fig. 4 , dissolution of Ni, Cr and Fe through the coating layer is also not recognized in CrN-coated 316SS after corrosion test at
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C. The CrN coating on 316SS is proof against corrosion attack by liquid Pb-Bi at 450 C. Figure 5 shows optical micrographs of cross sections of CrN-coated F82H and 316SS specimens after corrosion test in liquid Pb-Bi at 550 C for 3000 h. As indicated in Fig. 5(a) , there exist large cracks going through the coating layer on F82H steel in corrosion test at 550 C. Decohesion or spalling of the CrN coating layer occurs due to formation of large cracks at the near corner parts of F82H and 316SS specimens (Fig. 5(c) and (d) ). Pb and Bi penetrated through the large cracks and corrosion attack of liquid Pb-Bi to F82H steel proceeds under the coating layer. Grain boundary corrosion is recognized at the part where the CrN coating on F82H steel peeled off at 550 C ( Fig. 5(c) ). As shown in Fig. 5(b) , a degraded layer was formed under the CrN coating even at the parts where the CrN coating remained on 316SS specimen. The degraded layer is a ferrite layer formed in austenitic 316SS. The formation of the ferrite layer was reported for 316SS specimens without coating in corrosion tests at 550 C. 8, 9) The thickness of the ferrite layer formed in 316SS is about 115 mm at the part where the coating spalled off (Fig. 5(d) ) while it is about 55 mm at the part where the coating remained (Fig. 5(b) ).
Corrosion test at 550 C
Peaks of Cr and N are observed at the coating layer with large cracks for CrN-coated F82H specimen after corrosion test at 550 C as shown in Fig. 6 . Peaks of Pb and Bi, which entered through the large cracks, are also found under the coating layer. Dissolution of Ni and Cr occurs even at the parts where the coating on 316SS remained in appearance after corrosion test at 550 C. Figure 8 shows SEM images and the result of line analysis by EDX for the cross section of CrN-coated 316SS after corrosion test at 550 C with a SEM image of CrNcoated 316SS after corrosion test at 450 C. Concentrations of Pb and Bi are high at the white parts according to the line analysis ( Fig. 8(b) ). There exist white streaks and lamps containing Pb and Bi in the CrN coating layer in Fig. 8(a) and (b) while they are not observed in the CrN coating layer after corrosion test at 450 C as shown in Fig. 8(c) . The white streaks run perpendicular to the coating surface. Peaks of Cr and N are also recognized at the coating layer of 316SS after corrosion test at 550 C. 3.3 Cracking of the coating layer and corrosion As described in 3.1, there was no crack in the CrN coating and corrosion attack was prevented by the coating layer in corrosion test at 450 C. However, we observed throughcoating cracks and spalling of the coating layer in corrosion test at 550 C. The following two causes are considered in cracking of the coating layer in corrosion test at 550 C: 1) cracking due to stress generated by the difference of thermal expansion coefficients between CrN and steels and 2) cracking due to corrosion attack against the CrN coating under tensile stress conditions in liquid Pb-Bi. The CrN coating used in this study was achieved under the condition where compact and good coating was produced at around 400 C. Compressive stresses develop in the CrN coating layer at room temperature as a result of difference of the thermal expansion coefficients between CrN and the metals. At the corrosion test temperature of 450 C, developed stresses would be negligible or small in the coating layer. On the other hand, stresses developed in the coating layer would be tensile at the corrosion test temperature of 550 C. The stress generated in the CrN coating layer can be calculated using data of material properties on the simple assumption that only the thin CrN layer is stressed uniformly. The following data of materials properties were used for calculation: thermal expansion coefficients are 2:3 Â 10
for CrN, 316SS and F82H, respectively. Young modulus of CrN is 400 GPa.
The substrate temperature in coating was assumed to be 400 C. In the case of CrN-coated 316SS, the compressive stress of 2100 MPa generates in the coating layer at 15 C and the tensile stress of 820 MPa generates at 550 C. In the case of CrN-coated F82H, the compressive stress is 1500 MPa at 15 C and the tensile stress is 580 MPa at 550 C. It was reported that the estimated compressive stress in the CrN coating layer on steels was about 2000 MPa at room temperature by means of X-ray stress measurement. 16) This value is close to our result obtained by simple calculation.
The tensile stresses generally produce cracks running perpendicular to the coating surface. CrN-coated steels were heated in Ar gas at 550 C for 20 h to investigate whether cracking of the CrN layer occurs or not by heating up to 550 C. Figure 9 shows the photographs of the surface of CrN-coated F82H: (a) as received, (b) after corrosion test in liquid Pb-Bi at 550 C for 3000 h and (c) after heating in Ar gas at 550 C for 20 h. Cracks were observed on the surface of the CrN coating layer in Fig. 9 (b) while no crack was found on the surface of the specimen after heating in Ar gas at 550 C as shown in Fig. 9(c) . On this basis, it is found that the CrN coating does not split only due to the tensile stress generated by heating up to 550 C. Cracks running perpendicular to the coating surface are found in Figs. 5 and 6. It is considered that these cracks were formed and grown as a result of corrosion attack by liquid PbBi against the CrN coating layer under the high tensile-stress condition. It is necessary to examine wetting of liquid Pb-Bi to the CrN coating layer when formation and growth of cracks are considered in liquid Pb-Bi. According to surface observation of specimens after corrosion tests at 450 C and 550 C, the surface of the CrN coating was wetted by Pb-Bi at both temperatures. Further study is need for the wetting of grain boundaries of the CrN coating layer while it is an interesting item from the microscopic understanding of crack formation and growth in liquid Pb-Bi. Furthermore, streaks containing Pb and Bi have been formed perpendicular to the surface in the coating after corrosion test at 550 C as typically shown in Fig. 8(a) and (b) . The streaks were also found in the coating of F82H after corrosion test at 550 C. In the case of CrN-coated 316SS, diffusion of Ni and Cr through the streaks in the coating would accelerate ferritization.
The CrN coating showed corrosion resistance in the corrosion test at 450 C while cracking and spalling of the coating occurred under a liquid Pb-Bi environment at 550 C.
(a) (b) (c) 100µm 100µm 100µm The CrN coating was not effective as a protective layer in corrosion test at 550 C. The main cause of cracking is considered to be corrosion attack by liquid Pb-Bi against the CrN coating layer under the high tensile-stress condition developed by the difference of thermal expansion coefficients between CrN and metals. For this reason, optimization of coating parameters such as increasing the substrate temperature may extend the applicable temperature range of the CrN coating.
Conclusions
The main results obtained in this study are summarized as follows:
(1) CrN coatings on F82H (Fe-8Cr-2W-0.3V-0.04Ta-0.1C) and 316SS exhibited good compatibility in liquid Pb-Bi during corrosion test at 450 C for 3000 h. (2) The CrN coating layer suffered heavy damage such as cracking and spalling, and showed no effectiveness as a protective layer in corrosion test at 550 C. Ni and Cr in 316SS dissolved into Pb-Bi through the damaged coating layer at 550 C. (3) The main cause of cracking is considered to be corrosion attack by liquid Pb-Bi against the CrN coating layer under the high tensile-stress condition developed by the difference of thermal expansion coefficients between CrN and metals. Optimization of coating parameters such as increasing the substrate temperature leads to a possibility of extending the applicable temperature range of the CrN coating.
